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Structural  changes  in  the  surface  of  edge  plane  graphite  electrodes  were  studied  in  ethylene  carbonate- 
based  electrolytes  containing  a  flame-retardant  solvent  of  trialkyl  phosphoric  ester  by  electrochemical 
Raman  spectroscopy.  In  the  Raman  spectra,  a  band  that  peaked  at  around  1595  cm-1,  which  was  assigned 
to  an  E  band,  was  observed  at  potentials  below  about  0.9  V  in  trimethyl  phosphate  (TMP)-containing 
electrolyte  solution.  After  potential  cycling  between  3.0  and  0.01  V,  several  pieces  of  exfoliated  graphite 
sheets  were  seen  in  the  electrochemical  Raman  cell.  On  the  other  hand,  these  were  not  observed  in 
triethyl  phosphate  (TEP)-containing  electrolyte.  These  results  indicate  that  TMP,  unlike  TEP,  is  co¬ 
intercalated  with  lithium  ion  into  graphite,  and  this  should  lead  to  the  observed  exfoliation  of 
graphite  layers.  Variation  of  the  Raman  shifts  of  TMP  and  TEP  with  the  electrolyte  composition  was  also 
investigated  to  discuss  their  different  solvating  abilities. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  flammability  of  electrolyte  solutions  is  still  an  important 
concern  regarding  the  safety  of  lithium-ion  batteries.  Such  safety 
issues  have  recently  received  greater  attention  because  lithium-ion 
batteries  are  now  seeing  widespread  use  in  higher-power  and/or 
larger-size  applications.  Several  types  of  flame  retardants,  such  as 
organophosphorous  and/or  fluorinated  compounds  [1-9],  have 
been  shown  to  be  effective  nonflammable  additives  or  co-solvents 
for  use  in  lithium-ion  batteries.  Among  them,  trimethyl  phosphate 
(TMP)  and  triethyl  phosphate  (TEP)  suppress  the  flammability  of 
electrolytes  when  the  content  is  about  20%  or  higher  in  ethylene 
carbonate  (EC)  and  diethyl  carbonate  (DEC)-based  solution  [10]. 
Unfortunately,  however,  TMP,  unlike  TEP,  has  poor  compatibility 
with  a  graphite  negative-electrode,  and  in  particular  a  severe  fading 
of  capacity  is  seen  in  electrolytes  containing  greater  than  10%  TMP 
[11,12].  While  the  reaction  mechanism  is  still  unclear,  several 
effective  measures  for  improving  the  charge  and  discharge 
performances  of  graphite  in  TMP-containing  electrolyte  solution, 


*  Corresponding  author.  Tel.:  +81  774384977;  fax:  +81  774384996. 
E-mail  address:  doi@saci.kyoto-u.ac.jp  (T.  Doi). 


such  as  surface  coating  of  graphite  [13,14]  and  the  addition  of  film¬ 
forming  additives  [15,16],  have  been  reported. 

Lithium  ion  is  intercalated  into  graphite  negative-electrodes  at 
the  interface  between  an  electrode  and  electrolyte.  Laser  Raman 
spectroscopy  can  detect  Raman  scattering  near  the  electrode 
surface,  and  hence  is  a  powerful  tool  for  investigating  the  surface 
crystal  structure  of  an  electrode.  Hexagonal  graphite  crystallizes  in 
the  Dgh  space  group,  and  has  two  doubly  degenerate  Raman-active 
E2g  modes  at  42  and  1581  cm-1  [17].  Our  group  previously  reported 
that  the  intensity  and  frequency  of  the  E2g  line  at  around  1580  cm-1 
varied  with  the  intercalation  and  de-intercalation  of  lithium  ion; 
lithium  graphite  intercalation  compounds  (Li-GICs)  with  a  stage 
structure  are  formed  [18].  It  has  also  been  revealed  that  the  elec¬ 
trode  potential  of  graphite  should  be  determined  by  the  surface 
stage  of  Li-GICs  [18]. 

We  previously  used  edge  plane  highly  oriented  pyrolytic 
graphite  (HOPG)  as  a  model  graphite  electrode,  and  investigated 
the  changes  in  the  surface  crystal  structure  during  the  initial 
potential  cycles  by  electrochemical  Raman  spectroscopy  [19].  As 
a  result,  the  surface  crystallinity  of  graphite  was  significantly  low¬ 
ered  by  the  initial  intercalation  and  de-intercalation  reactions  of 
lithium  ion  in  EC  +  DEC-based  electrolyte  solution,  but  was  main¬ 
tained  when  the  film-forming  additive  vinylene  carbonate  was 
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added  to  the  electrolyte.  In  the  present  study,  we  observed  changes 
in  the  surface  structure  of  edge  plane  HOPG  during  the  initial  cycle 
in  EC  +  DEC-based  electrolytes  containing  TMP  or  TEP  by  electro¬ 
chemical  Raman  spectroscopy,  and  discuss  the  mechanism  of 
intercalation  to  understand  the  poor  compatibility  of  TMP  with 
a  graphite  negative-electrode. 

2.  Experimental 

A  block  of  HOPG  (Momentive,  ZYH,  mosaic  spread:  3.5  ±1.5°) 
was  used  in  this  study.  Cyclic  voltammetry  was  carried  out  at  basal 
plane  HOPG  at  25  °C  using  a  laboratory-made  three-electrode  cell. 
The  size  of  the  HOPG  block  was  5  mm  x  5  mm  x  6  mmt.  The 
effective  electrode  surface  area  was  limited  to  0.03  cm2  by  an  0- 
ring  (SS-020).  The  reference  and  counter  electrodes  consisted  of  Li 
foil,  and  hence  all  potentials  in  the  text  reflect  V  vs.  Li/Li+.  The 
electrolyte  solutions  used  were  1  M  LiC104  dissolved  in  a  mixture  of 
EC  and  DEC  (1:1  by  volume),  and  did  or  did  not  include  TMP 
(Kishida  Chemical)  or  TEP  (Kishida  Chemical).  The  water  content  in 
the  solution  was  less  than  20  ppm.  The  HOPG  electrode  was  swept 
at  0.5  mV  s-1  in  given  potential  ranges  using  a  potentiostat/galva- 
nostat  (SP-300,  Biologic). 

Electrochemical  Raman  measurements  coupled  with  potential 
sweep  voltammetry  were  performed  at  edge  plane  HOPG.  The  size 
of  the  HOPG  block  was  8  mm  x  12  mm  x  2  mmt.  The  electro¬ 
chemical  cell  had  an  airtight  structure  and  was  equipped  with 
optically  flat  Pyrex®  glass  [20].  The  HOPG  was  clipped  between  two 
SUS304  sheets  with  a  hollow  square  with  minimum  pressure 
required  for  holding  it,  and  used  as  a  working  electrode.  The  edge 
plane  HOPG  was  irradiated  with  a  laser  beam  through  the  Pyrex® 
glass  to  obtain  Raman  spectra.  The  distance  between  the  HOPG 
surface  and  the  Pyrex®  glass  was  minimized  to  about  1  mm  to 
suppress  scattering  from  electrolytes.  The  reference  and  counter 
electrodes  consisted  of  Li  foil.  The  electrolyte  solution  described 
above  was  used.  The  electrochemical  cell  held  about  50  ml  of 
electrolyte  solution.  The  cell  was  assembled  in  an  argon-filled  glove 
box  with  a  dew  point  below  -80  °C.  Electrochemical  lithium-ion 
intercalation  (charge)  and  de-intercalation  (discharge)  at  HOPG 
were  carried  out  by  controlling  the  potential;  the  HOPG  electrode 
was  swept  from  3.0  to  1.0  V  at  0.5  mV  s-1,  then  from  1.0  to  0.1  V  at 
0.2  mV  s-1,  and  finally  from  0.1  to  0.01  V  at  0.1  mV  s-1.  After  the 
electrode  was  held  at  0.01  V  for  5  h,  the  potential  was  swept  in  an 
anodic  direction  up  to  3.0  V.  Raman  measurements  were  con¬ 
ducted  continuously  under  potential  control.  Three  accumulations 
of  30  s  each  were  averaged  to  increase  the  signal-to-noise  ratio, 
and  therefore  the  integration  time  for  each  measurement  was  90  s. 
This  is  a  very  short  time  compared  to  the  total  charging  and  dis¬ 
charging  time,  and  hence  spectral  changes  during  each  Raman 
measurement  are  considered  to  be  negligible.  Raman  spectra  were 
excited  with  a  632.81  nm  line  (50  mW)  of  a  He— Ne  laser  through 
an  objective  lens:  10-powered  and  100-powered  long-focus 
objective  lenses  were  used  during  potential  control,  and  before 
and  after  potential  cycling,  respectively.  The  scattered  light  was 
collected  in  a  backscattering  (180°)  geometry.  The  Raman  spectra 
were  recorded  using  a  spectrometer  (Horiba  Jobin-Yvon,  HR-800) 
equipped  with  a  multichannel  charge  coupled  device  (CCD) 
detector.  All  experiments  were  carried  out  at  an  ambient  temper¬ 
ature  of  ca.  25  °C. 

Raman  spectra  of  the  solvents  and  solutions  composed  of 
a  mixture  of  EC  and  DEC  (1:1  by  volume),  LiC104,  TMP,  and/or  TEP 
were  also  measured.  The  liquid  samples  were  placed  in  a  quartz  cell 
with  a  pathlength  of  10  mm.  A  5-powered  objective  lens  was  used 
to  focus  the  excitation  laser  on  the  center  of  the  quartz  cell.  The 
exposure  time  was  10  s  and  the  scattering  spectrum  was  integrated 
3  times. 


3.  Results  and  discussion 

Fig.  la  shows  cyclic  voltammograms  obtained  at  0.5  mVs-1  in 
1  M  LiC104/EC  +  DEC  containing  20  mass%  TEP.  A  cathodic  current 
was  seen  at  potentials  below  about  1.0  V  and  a  corresponding 
anodic  current  was  observed  at  around  1.2  V  during  the  anodic 
scan.  These  redox  currents  should  be  mainly  attributed  to  the 
intercalation  and  de-intercalation  of  lithium  ion  at  HOPG.  The 
voltammogram  obtained  in  the  second  cycle  was  very  similar  to 
that  in  the  initial  cycle  except  for  the  irreversible  cathodic  current 
at  potentials  ranging  from  1.2  to  0.4  V,  which  should  be  due  to 
decomposition  of  the  electrolyte  to  form  a  surface  film  on  the 
HOPG.  The  redox  behavior  was  quite  similar  to  those  obtained  in 
1M  LiC104/EC  +  DEC  [21].  On  the  other  hand,  in  1M  LiC104/ 
EC  +  DEC  containing  20  mass%  TMP,  a  large  cathodic  current  was 
observed  at  potentials  below  0.98  V,  and  a  corresponding  anodic 
current  appeared  at  around  1.05  V,  as  shown  in  Fig.  lb.  These  redox 
currents  should  not  be  assigned  to  the  intercalation  and  de¬ 
intercalation  of  solo  lithium  ion  at  graphite  because  it  occurs  at 
potentials  below  around  0.6  V.  Cyclic  voltammograms  similar  to 
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Fig.  1.  Cyclic  voltammograms  of  basal  plane  HOPG  (a)  between  0.01  and  3  V  in  1  M 
LiC104/EC  +  DEC  with  20  mass%  TEP,  and  (b)  between  0.9  and  3  V  in  1  M 
UCIO4/EC  +  DEC  with  20  mass%  TMP.  Scan  rate  was  0.5  mV  s_1.  The  inset  of  (b)  shows 
an  expanded  view  of  the  cyclic  voltammogram. 
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those  in  Fig.  lb  were  obtained  in  1,2-dimethoxyethane  (DME)-  and 
dimethylsulfoxide  (DMSO)-based  electrolytes  [22];  the  co¬ 
intercalation  of  DME  or  DMSO  with  lithium  ion  should  occur  at 
graphite.  Based  on  the  results  in  the  literature,  the  redox  currents  at 
around  1  V  in  Fig.  lb  could  be  principally  assigned  to  the  interca¬ 
lation  and  de-intercalation  of  lithium  ion  solvated  by  TMP.  This 
assumption  was  examined  by  in  situ  Raman  measurements  (dis¬ 
cussed  later).  The  quantity  of  electricity  evaluated  by  integrating 
the  cathodic  current  at  potentials  below  0.98  V  was  more  than  15 
times  as  large  as  that  for  the  anodic  current.  These  results  suggest 
that  most  of  the  cathodic  current  below  0.98  V  was  consumed  in 
some  irreversible  reactions,  which  is  also  discussed  later. 

In  the  Raman  spectrum  obtained  before  potential  cycling,  a  line 
with  a  peak  at  about  1580  cm-1  was  observed,  which  is  well  known 
to  be  related  to  the  crystallinity  of  carbonaceous  materials,  and  is 
assigned  to  the  Raman-active  E2g  mode  frequency  (G  band)  [17]. 
When  the  electrode  potential  was  scanned  as  described  in  the 
Experimental  section  in  20  mass%  TEP-containing  electrolyte 
solution,  the  G  band  shifted  as  shown  in  Fig.  2a;  during  a  cathodic 
scan,  the  band  at  around  1580  cm-1  gradually  shifted  toward 
higher  wavenumbers  at  potentials  below  about  1.0  V,  where  the 
cathodic  current  due  to  the  intercalation  of  lithium  ion  began  to 
flow.  In  this  region,  no  lines  indicative  of  staged  phases  were 
observed.  This  fact  indicates  that  lithium  ion  was  intercalated 
randomly  between  every  layer  of  EIOPG;  i.e.,  a  dilute  stage-1  phase 


was  formed  [18,23].  The  G  band  reached  about  1590  cm-1  while  the 
electrode  potential  was  held  at  0.01  V,  and  then  two  bands  newly 
appeared  on  both  sides  of  the  original  line.  The  new  bands  were 
located  at  about  1575  and  1600  cm-1  and  the  Raman  shifts  hardly 
changed  with  time.  Elowever,  the  intensity  of  these  new  lines 
increased  with  time,  whereas  that  of  the  original  line  decreased. 
Very  similar  behavior  was  seen  in  EC  +  DEC-based  electrolyte  and 
that  containing  vinylene  carbonate  (VC)  [19].  Based  on  the  litera¬ 
ture,  the  new  lines  were  assigned  to  the  interior  and  bounding  layer 
modes  of  stage-4,  i.e.,  a  phase  transition  from  dilute  stage-1  to 
stage-4  occurred  [18].  The  formation  of  a  dilute  stage-1  phase  and 
the  subsequent  phase  transition  from  dilute  stage-1  to  stage-4  are 
known  to  occur  at  higher  potentials  above  0.2  V  when  a  graphite 
electrode  is  charged  with  a  constant  current  at  a  reasonably  slow 
rate.  Elowever,  in  this  study,  these  phase-changes  were  observed  at 
0.01  V  because  of  the  relatively  rapid  potential  scan.  When  the 
electrode  potential  was  scanned  from  0.01  V  in  an  anodic  direction, 
the  two  bands  disappeared  immediately.  Only  the  band  at  about 
1590  cm-1  remained,  and  it  returned  to  its  original  position  of 
about  1580  cm-1  at  around  0.7  V,  as  shown  in  Fig.  2a. 

Fig.  2b  shows  the  variation  of  the  G  band  with  the  electrode 
potential  in  EC  +  DEC-based  electrolyte  solution  containing 
20  mass%  TMP.  During  the  initial  cathodic  scan,  the  original  line 
remained  at  about  1580  cm-1  and  a  new  line  appeared  at  around 
1595  cm-1  at  about  0.9  V.  Elowever,  the  current  flow  was  labile  and 
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Fig.  2.  Variation  of  the  electrode  potentials  of  edge  plane  HOPG,  current,  integrated  charge  amount,  and  Raman  shift  of  the  lines  at  around  1580  cm  1  with  time  in  the  1st  potential 
cycle  between  3.0  and  0.01  V  in  1  M  LiC104/EC  +  DEC  with  20  mass%  of  (a)  TEP  and  (b)  TMP. 
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Raman  spectra  could  not  be  obtained  at  potentials  below  0.2  V. 
After  potential  cycling,  several  pieces  of  exfoliated  graphite  sheets 
were  seen  in  the  electrochemical  cell  through  the  Pyrex®  glass. 
These  drastic  changes  in  the  electrode  structure  made  it  impossible 
for  us  to  focus  the  exciting  laser  on  the  edge  plane  HOPG  for  in  situ 
Raman  measurements.  Fig.  3e  and  f  shows  Raman  spectra  of  the 
edge  plane  HOPG  electrodes  obtained  at  3.0  V  before  and  after 
potential  cycling,  respectively.  It  should  be  noted  that  a  shoulder 
peak  at  about  1595  cm-1  was  observed  after  potential  cycling.  This 
peak  corresponds  to  the  lines  observed  at  around  1595  cm-1  in 
Fig.  2b.  This  peak  was  not  observed  in  EC  +  DEC-based  electrolyte 
solution  or  in  that  containing  20  mass%  TEP,  as  shown  in  Fig.  3b  and 
d,  respectively  [19].  This  line  is  known  to  appear  when  solvated 
lithium-ion  is  intercalated  into  graphite,  and  is  identified  as  an  E 
band  [24].  An  E  band  was  also  observed  when  the  edge  plane  HOPG 
was  cycled  in  1  M  LiC104  dissolved  in  a  mixture  of  EC  and  DME  (1:1 
by  mass)  [24],  or  a  mixture  of  EC  and  propylene  carbonate  (PC)  (1:1 
by  mass)  [25];  i.e.,  the  co-intercalation  of  DME  or  PC  with  lithium 
ion  should  occur  at  graphite.  These  results  support  the  above 
assumption  that  the  redox  currents  at  around  1.0  V  should  be 
assigned  to  the  intercalation  and  de-intercalation  of  TMP-solvating 
lithium-ion.  The  intercalation  of  solvated  lithium-ion  significantly 
expands  the  interlayer  spacing  of  graphite  [22].  The  observed 
exfoliation  of  HOPG  could  be  the  result  of  a  drastic  expansion  of 
interlayer  spacing  upon  the  intercalation  of  TMP-solvating  lithium- 
ion.  This  irreversible  change  in  the  electrode  structure  may  explain 
the  large  irreversible  cathodic  current  in  the  cyclic  voltammogram 
(Fig.  lb).  Thus,  the  mechanism  of  lithium-ion  intercalation  at 
graphite  should  be  different  between  TMP-  and  TEP-containing 
electrolytes.  Another  peak  newly  appeared  at  around  1310  cm  1 
after  potential  cycling,  as  shown  in  Fig.  3f.  This  peak  was  seen  after 
potential  cycling  in  EC  +  DEC-based  electrolyte  solution  and  in  that 


Fig.  3.  Raman  spectra  of  edge  plane  HOPG  electrodes  (a,  c,  e)  before  and  (b,  d,  f)  after 
potential  cycling  in  1  M  LiC104/EC  +  DEC  (1:1  by  volume)  with  (a,  b)  no  co-solvent,  and 
20  mass%  of  (c,  d)  TEP  and  (e,  f)  TMP. 


containing  20  mass%  TEP,  as  shown  in  Fig.  3b  and  d,  respectively, 
while  the  peak  position  is  about  20  cm-1  higher  than  that  observed 
in  the  TMP-containing  electrolyte.  These  lines  should  be  ascribed  to 
the  Raman  inactive  Aig  mode  frequency  (D  band)  [26].  In  addition, 
another  new  peak  appeared  at  around  1620  cm-1  after  potential 
cycling  in  EC  +  DEC-based  electrolyte  solution  and  in  that  con¬ 
taining  20  mass%  TEP,  as  shown  in  Fig.  3b  and  d,  respectively,  which 
was  assigned  to  D'  band.  The  D  and  D'  bands  appear  in  the  case  of 
a  finite  crystal  size  and  imperfections  in  the  carbonaceous  materials 
[26].  The  appearance  of  these  two  lines  indicates  that  the  crystal¬ 
linity  of  the  edge  plane  graphite  should  decrease  during  potential 
cycling.  The  other  lines  observed  in  Fig.  3  were  assigned  to  Raman 
scattering  from  solvents  and  salts  in  the  electrolytes  [27,28]. 

Fig.  4a  shows  Raman  spectra  of  solvents  and  solutions 
composed  of  a  mixture  of  EC  and  DEC  (1:1  by  volume),  LiCICH,  and/ 
or  TMP.  The  lines  attributed  to  EC,  DEC,  TMP,  and  LiCICU  are  indi¬ 
cated  by  solid,  dotted,  dashed,  and  dashed-dotted  arrows,  respec¬ 
tively.  TMP  is  known  to  have  several  Raman-active  vibration  modes 
[28,29].  Among  them,  a  pair  of  major  lines  at  736  and  752  cm-1  and 
a  line  at  1076  cm-1  are  sensitive  to  ion  solvation.  The  former  are 
identified  as  symmetric  stretching  vibrations  of  P-O— (C)  in  a  TMP 
molecule,  and  the  latter  represents  out-of-phase  stretching  vibra¬ 
tion  of  (P)-O-C.  These  bands  shifted  depending  on  the  concen¬ 
tration  of  TMP  and  the  presence  or  absence  of  LiC104,  as  shown  in 
Fig.  4a.  Fig.  4b  summarizes  the  variation  of  the  Raman  shifts 


Raman  shift  (cm'1) 


Fig.  4.  (a)  Raman  spectra  of  solvents  and  solutions  composed  of  a  mixture  of  EC  and 
DEC  (1:1  by  volume),  LiC104,  and/or  TMP.  (b)  Variation  of  the  Raman  shift  for 
symmetric  stretching  vibrations  of  P-O-(C)  and  out-of-phase  stretching  vibration  of 
(P)-O-C  modes  with  the  concentration  of  TMP.  Solid  and  open  symbols  denote 
solvents  with  and  without  1  M  LiC104,  respectively. 
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(A/<Raman  shift)  with  the  concentration  of  TMP,  where  the  value  of 
A/<Raman  shift  for  pure  TMP  solvent  was  set  at  0  cm-1  for  each  line  at 
736,  752,  and  1076  cm-1.  These  bands  showed  few  changes  in 
A/<Raman  shift  even  when  the  concentration  of  TMP  decreased  to 
10-20  mass%  in  a  solvent  mixture,  as  shown  by  the  open  symbols 
in  Fig.  4b,  whereas  the  1076  cm-1  band  shifted  by  a  few  reciprocal 
centimeters  (cnrr1).  On  the  other  hand,  the  three  bands  showed 
major  changes  in  A/<Raman  shift  in  the  presence  of  1  M  UCIO4,  as 
shown  by  the  solid  symbols  in  Fig.  4b.  These  shifts  would  result 
from  the  solvation  of  lithium  ion  by  TMP;  the  donor  number 
generally  reflects  the  solvent’s  ability  to  solvate  cations,  while  it 
depends  on  the  nature  of  the  Lewis  acids.  The  donor  number  of 
TMP  is  23.0,  which  is  much  higher  than  16.4  for  EC  and  16.0  for  DEC, 
and  therefore  lithium  ion  should  be  preferentially  solvated  by  TMP 
due  to  its  higher  electron-donating  ability  compared  to  those  for  EC 
and  DEC  [30].  An  oxygen  atom  of  a  P=0  bond  in  TMP  has  an 
unshared  electron  pair,  and  should  be  very  involved  in  the  solvation 
of  lithium  ion.  This  should  alter  the  vibrational  energies  for  TMP. 
The  P-O-(C)  bond  lies  adjacent  to  the  P=0  bond,  and  hence  the 
bands  at  736  and  752  cm”1  seem  to  shift  upon  the  solvation  of 
lithium  ion.  In  fact,  the  bands  at  736  and  752  cm-1  shifted  by  as 
much  as  about  7-10  cm-1  in  the  presence  of  1  M  LiC104.  In  addi¬ 
tion,  as  the  concentration  of  TMP  decreased,  the  variation  of  A/cRa_ 
man  shift  increased,  as  shown  in  Fig.  4b;  the  736  cm-1  band  shifted  by 
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Fig.  5.  (a)  Raman  spectra  of  solvents  and  solutions  composed  of  a  mixture  of  EC  and 
DEC  (1 :1  by  volume),  LiC104,  and/or  TEP.  (b)  Variation  of  the  Raman  shift  for  symmetric 
stretching  vibration  of  P— O— (C)  and  out-of-phase  stretching  vibration  of  (P)— O— C 
modes  with  the  concentration  of  TER  Solid  and  open  symbols  denote  solvents  with 
and  without  1  M  LiC104,  respectively. 


9.9  cm-1  in  the  presence  of  1  M  LiC104  in  10  mass%  TMP-containing 
solution,  but  by  only  8.4  cm”1  for  20  mass%  TMP.  Similarly,  the 
752  cm”1  band  shifted  by  8.9  cm”1  with  1  M  LiC104  in  10  mass% 
TMP-containing  solution,  but  by  only  6.8  cm”1  for  20  mass%  TMP. 
The  concentration  of  TMP  in  1  M  LiC104/EC  +  DEC  containing  10  and 
20  mass%  TMP  is  about  0.90  and  1.8  M,  respectively;  i.e.,  the 
number  of  lithium  ions  is  more  than  that  of  TMP  in  10  mass%  TMP- 
containing  solution,  but  less  than  that  for  20  mass%  solution. 
Elence,  all  of  the  TMP  molecules  should  be  involved  in  solvating 
lithium-ion  at  least  one-on-one  in  10  mass%  TMP-containing 
solution,  while  the  solvation  number  of  TMP  per  lithium  ion  is 
not  available. 

Fig.  5a  shows  Raman  spectra  of  solvents  and  solutions 
composed  of  a  mixture  of  EC  and  DEC  (1:1  by  volume),  LiC104,  and/ 
or  TEP.  The  lines  attributed  to  EC,  DEC,  TEP,  and  LiC104  are  indicated 
by  solid,  dotted,  dashed,  and  dashed-dotted  arrows,  respectively. 
TEP  also  has  several  Raman-active  vibration  modes.  Among  them, 
lines  at  733  and  1100  cm”1  are  identified  as  the  symmetric 
stretching  vibration  of  P-O-(C)  and  out-of-phase  stretching 
vibration  of  (P)-O— C,  respectively.  These  bands,  unlike  in  TMP- 
containing  solutions,  did  not  show  great  changes  in  A/<Raman  shift 
in  the  presence  of  LiC104  in  TEP-containing  solutions,  as  shown  by 
solid  symbols  in  Fig.  5b;  the  733  cm”1  band  shifted  by  2.3  cm”1  in 
the  presence  of  1  M  LiC104  in  10  mass%  TEP-containing  solution, 
which  is  comparable  to  2.2  cm”1  for  20  mass%  TEP.  Similarly,  the 
1100  cm”1  band  shifted  by  0.7  cm”1  with  1  M  LiC104  in  10  mass% 
TEP-containing  solution,  whereas  by  3.4  cm”1  for  20  mass%  TEP. 
These  results  indicate  that  TMP  should  be  more  prone  to  the 
solvation  of  lithium  ion  than  TEP,  and  support  the  co-intercalation 
of  TMP  with  lithium  ion  into  graphite. 


4.  Conclusion 

The  changes  in  the  surface  crystallinity  of  edge  plane  EIOPG 
were  observed  in  EC  +  DEC-based  electrolytes  containing  flame- 
retardant  solvents  of  TMP  or  TEP  by  electrochemical  Raman  spec¬ 
troscopy.  Raman  spectra  and  cyclic  voltammogram  revealed  that 
TMP  should  be  co-intercalated  with  lithium  ion  into  graphite  at 
potentials  below  about  1.0  V.  Several  pieces  of  exfoliated  graphite 
sheets  were  observed  in  the  electrochemical  cell  after  potential 
cycling.  This  observed  exfoliation  of  graphite  could  be  caused  by  the 
drastic  expansion  of  the  interlayer  spacing  upon  the  intercalation  of 
TMP-solvating  lithium-ion.  On  the  other  hand,  the  co-intercalation 
of  TEP  with  lithium  ion  was  not  observed;  lithium  ion  is  solely 
intercalated  and  de-intercalated  at  graphite.  Thus,  the  mechanism 
of  lithium-ion  intercalation  at  graphite  differs  between  TMP-  and 
TEP-containing  electrolytes,  and  the  present  results  clearly  show 
that  the  co-intercalation  of  TMP  into  graphite  precludes  the  use  of 
graphite  as  a  negative-electrode  in  TMP-containing  electrolyte 
solution.  Variation  of  the  Raman  shifts  of  TMP  and  TEP  with  the 
electrolyte  composition  was  also  investigated.  Raman  bands 
assigned  to  the  P-O-(C)  stretching  vibrations  of  TMP  showed 
major  shifts  in  the  presence  of  1  M  LiC104  in  TMP-containing 
solution,  while  few  changes  were  observed  for  TEP.  These  results 
suggest  that  TMP  should  be  more  prone  to  the  solvation  of  lithium 
ion  than  TEP,  and  support  the  co-intercalation  of  TMP  into  graphite. 
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